Purpose: To illustrate the potential for high permittivity materials to be used in decreasing peak local SAR associated with implants when the imaging region is far from the implant. Methods: We performed numerical simulations of a human subject with a pacemaker in a body-sized birdcage coil driven at 128 MHz with and without a thin (5 mm) shell of material of high electric permittivity around the head. Results: For a shell with relative permittivity of 600, the maximum specific energy absorption rate averaged over any 1 g of tissue near the pacemaker was reduced by 73.5% for a given B 1 field strength at the center of the brain. Conclusion: Although further study is required, initial simulations indicate that strategic use of high permittivity materials may broaden the conditions under which patients with certain implants can be imaged safely. Magn Reson Med 78:383-386,
INTRODUCTION
Due to increases in both usage of MRI in medical practice and the number of patients with implantable cardiovascular devices, the likelihood of a patient being indicated for an MRI over the lifetime of their device is as high as 75% (1) . Unfortunately, the presence of most types of pacemakers in use today is a contraindication to MRI due to the potential hazards, which range from device malfunction to direct tissue damage (2) . One of the most significant risks is that of strong deposition of radiofrequency (RF) energy, or specific absorption rate (SAR), at the tip of the pacemaker lead: RF currents induced in the lead wire can be deposited in the tissue at the point where the lead is connected to the cardiac tissue, resulting in excessive heating at that location (3) .
Although the FDA approved the first magnetic resonance conditional pacemaker system (SURESCAN) in 2011, limitations still exist (4) . For example, there is still a need for performing MRI on patients who rely on other pacemakers, and the approved conditions under which a patient with the SURESCAN device can be imaged are limited to 1.5 T MRI systems, which have relatively low RF power levels for a given MRI sequence when compared with power required at higher field strengths. In practice, the vast majority of MRI examinations are performed with a whole-body transmit coil rather than a local transmit coil, and head-only transmit coils are not currently available at all clinical sites.
Previous studies have shown that in MRI at 3T, strategic placement of high permittivity materials (HPM) around the region of interest has the potential to (among other things) enhance the strength of the RF magnetic (B 1 ) field in that region relative to others, allowing for reduced overall input power and reducing whole-body SAR for a desired B 1 field strength in the region of interest (5) (6) (7) (8) (9) (10) .
To explore the possibility of reducing local tissue heating related to a pacemaker in MRI with strategic use of HPMs, we performed numerical simulations including a thin shell of HPM surrounding the head of a patient wearing pacemaker during RF excitation of the head at 3 T with use of a whole-body transmit coil. We then selected an optimal relative permittivity for the material surrounding the head, considering both the homogeneity of the B 1 field in the brain and SAR at the lead tip, and examined the resulting field and SAR distributions.
METHODS
A resonant 16-element birdcage coil (76 cm diameter, 65 cm length, with a shield 84 cm in diameter and 90 cm in length) was modeled, tuned to 128 MHz, and driven with two sources in quadrature (two sources 90 apart in azimuthal location and phase of the driving voltage source). This geometry is representative of realistic bodysized birdcage coils, and coils of similar dimensions would be expected to produce similar results. A threedimensional adult human body model (11) with 2 mm anatomical resolution was placed with the brain at the center of the birdcage coil. The appropriate values of tissue mass density and electrical properties at 128 MHz were assigned to the human model. A bipolar-lead pacemaker model was created within the human model with the housing beneath the upper chest skin. The lead (1.4-mm diameter metal core coated with 1-mm-thick silicone rubber layer) went through the subclavean vein, ending at the bottom of the right ventricle with the lead tip in contact with the cardiac muscle. The pacemaker lead was insulated everywhere but at the tip. A 5-mmthick layer of HPM, conformal with the shape of the head, was placed around the head of the human model. The simulation geometry used in this study is shown in Figure 1 with the RF shield removed for ease of visualization.
All field calculations were performed with numerical methods using SEMCAD-X software (Schmidt & Partner Engineering AG, Zurich, Switzerland), and postprocessing of the simulation results was performed with an inhouse code on a MATLAB platform (MathWorks, Natick, Massachusetts, USA). The relative permittivity of the high-dielectric shell was varied from 1 to 900 and the homogeneity of the B 1 field in the brain and the 1g peak special-average SAR of the tissue around the implanted lead tip was evaluated for each case. The coefficient of variation (standard deviation divided by average) was used to characterize homogeneity of the B þ 1 field on the mid-axial slice through the brain. To compare the SAR deposition around the lead tip with different helmet dielectric properties, the maximum peak SAR around the lead tip was normalized by the square of the B þ 1 amplitude at the center of the brain. For the case with optimal performance, additional simulations and analyses were conducted with realistic electrical conductivities assigned to the HPM. Figure 2 shows the B þ 1 field distribution on a coronal plane through the middle of the coil, normalized to have the same average field strength in the brain. The effect of the HPM enhancing the fields in the brain results in lower required input power to maintain the desired field strength in brain and weaker fields outside the brain when the HPM is present. Table 1 shows the results of permittivity on peak SAR at the lead tip normalized to B þ 1 strength in the brain and B þ 1 homogeneity in the brain. Considering both of these factors, we selected a relative electric permittivity (e r ) of 600 for the HPM. The transmit efficiency (B þ 1 in brain divided by the square root of power dissipated in the entire body) with this HPM present is 54% better than when it is absent. Figure 3 shows the distribution of 1 g average SAR on a transverse plane containing the pacemaker lead tip with the coil driven to produce the same average B þ 1 field strength both with and without the high permittivity material present. The normalized peak SAR around the lead tip is 73.5% lower with the high permittivity material than without it.
RESULTS
For a relative permittivity of 600, we also simulated cases with material electric conductivity equal to 0.35 S/ m and 0.035 S/m. A conductivity of 0.35 S/m is similar to that reported for a HPM created previously with a mixture of water and ceramic beads (9) . Materials with relative permittivity near 600 at 128 MHz consisting of solid ceramics can be produced with conductivity as low as 0. SAR and broaden the conditions under which patients having implants can be imaged safely.
In this example, we model a patient implanted with a pacemaker undergoing MRI of the head at 3 T with a whole-body coil. MRI at 3 T has become preferred over 1.5 T for imaging of the brain at many sites in recent years due to its superior SNR in that region, and most receive coils for imaging the head are designed with no transmit capability, thus relying on the body coil for transmission.
With our simulations, we show the potential to reduce heating at the tip of the pacemaker by more than 40% with use of HPMs surrounding the head. The thickness of 5 mm was chosen as it should be thin enough to be incorporated into head-only receive array designs without significantly displacing conductive coil elements. This thickness is also consistent with simulations of receive arrays at 7 T showing promising effects of HPMs on receive array sensitivity (14) . Nonetheless, further work would be required to examine behavior of specific receive arrays at 3 T, and whether even thinner layers of HPMs could have similarly beneficial effects.
Design of pacemaker leads has advanced significantly in recent years, reducing the ability of leads to carry high-frequency currents and thus reducing SAR at the tip during MRI. For example, complex winding structures in the lead are used to maximize impedance of currents at high frequencies (14) . This, in part, has led to the production of pacemakers that are approved for imaging under certain conditions, or MR conditional pacemakers. Current conditions for imaging a subject implanted with such a device include imaging at 1.5 T, where SAR levels are relatively low for a given sequence compared with those at higher field strengths. We expect that the reduction of SAR demonstrated here for a simple lead with use of the HPM would also result in SAR reductions for more modern leads, because the reduction of RF field strengths away from the region of interest should result in lower induced currents in a lead of any The body coil was driven to produce a 1 mT B þ 1 field at the center of the brain.
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design. Our results demonstrate that strategic use of HPMs may be useful in MRI of subjects with pacemakers at 3 T, which is often preferred over 1.5 T for imaging of the brain. There are challenges to implementation of an HPM helmet like that proposed here. Although thicker layers of lower permittivity materials have been used to enhance fields around the heart and head at 3 T, the use of these lower permittivities requires more material, which could impede placement of a receive array near the head. Flexible materials with relative permittivities up to about 515 at 3 T have been produced by mixing water with powder (15) or beads (9) of various high-permittivity ceramics. For routine use of HPM materials, though, solid materials integrated into receive arrays may be preferable. With solid ceramics, it is possible to achieve relative permittivities greater than 1000. The cost of manufacturing such materials in thin anatomically conforming shapes, however, warrant further study before implementation, including design of a receive array incorporating the material and considering effects of the relative permittivity on receive performance.
Importantly, because the potential benefits predicted here regarding safety of subjects with active implanted devices have been investigated only with numerical simulations thus far, it is necessary that these results be validated experimentally in phantoms with realistic devices and with consideration of the stringent requirements for determining conditions for safely imaging a subject having such an implant (16) before any attempt to apply these concepts in vivo.
